1. Introduction {#sec0001}
===============

RNase H (EC 3.1.26.4) is a universal enzyme that plays an essential role in cell growth and in maintaining the accuracy of the cell cycle \[[@bib1; @bib2; @bib3]\]. It is also present in retroviruses as a C-terminal domain of reverse transcriptase (RT) and plays an essential role in viral proliferation \[[@bib4]\]. The RNase H activity of human immunodeficiency virus (HIV) is therefore regarded as a target for AIDS therapy \[[@bib5]\]. Being identified in all living organisms \[[@bib6]\], RNase H shows several evolutionary modifications that enable it to tolerate the variety of environments in which its host organism grows, conserving its main function of cleaving the RNA strand of an RNA/DNA hybrid in an endonucleolytic manner \[[@bib7]\]. Multiple RNases H are present in most organisms with low amino acid sequence similarity despite sharing a main chain fold and steric configuration of a DEDD (Asp--Glu--Asp--Asp) or DEDE (Asp--Glu--Asp--Glu) active site motif \[[@bib8]\]. Hence, they are classified into two major families: type 1 (RNase H1 and retroviral RNase H) and type 2 (RNases H2 and H3) RNases H \[[@bib6],[@bib8]\]. RNase H cleaves the P-O3′ bond of RNA to produce 3′-OH and 5′-phosphate-ended products with a two-metal-ion catalysis mechanism \[[@bib9; @bib10; @bib11; @bib12]\]. For this mechanism to occur, RNase H utilizes two metal ions that will consecutively activate the nucleophile and promote the phosphoryl transfer reaction by destabilizing the enzyme--substrate complex.

*Halobacterium* sp. NRC-1 is an extreme halophilic archaeon that grows in a high-salt environment, maintaining an intracellular K^+^ concentration of ∼4 M which is in turn equivalent to its extracellular Na^+^ concentration \[[@bib13]\]. Analyses of the genomes and proteomes of halophilic organisms indicate that proteins from these organisms are characterized by the high content of acidic residues, low content of basic residues, and low hydrophobicity \[[@bib14]\]. These acidic residues compete with salt ions for free water and prevent the protein from aggregation in a high-salt condition, by forming a solvation shell that has a superior water binding capacity \[[@bib15]\]. Structural and functional characterizations of proteins originating from halophilic organisms indicate that halophilic proteins require high concentration of salt for activity and stability, because negative-charge repulsions among acidic residues on the protein surface decrease and stability of the core structure increases by the salting-out effect in a high-salt condition \[[@bib16; @bib17; @bib18; @bib19; @bib20; @bib21; @bib22; @bib23; @bib24]\]. In a low-salt condition, these negative-charge repulsions prevent folding of proteins resulting in an inactive enzyme.

RNase H1 from *Halobacterium* sp. NRC-1 (Halo-RNH1) consists of an N-terminal domain (residues 1--68) with unknown function and a C-terminal RNase H domain (residues 69--199) \[[@bib25]\]. In contrast to a representative member of non-halophilic RNases H1, *E. coli* RNase H1, which is a basic protein with the isoelectric point (p*I*) of 9.0 and shows the amino acid sequence identity of 33% to Halo-RNH1 \[[@bib26]\], Halo-RNH1 is an acidic protein with the p*I* value of 4.2. Halo-RNH1 exhibits the highest enzymatic activity in the presence of 20 mM MnCl~2~ or 100 mM MgCl~2~. It retains at least 70% of the maximal activity in the presence of various concentrations of salt ranging from 0 to 2.5 M. Halo-RNH1 complements the temperature-sensitive growth phenotype of the mutant *E. coli* strain MIC2067 lacking all functional RNases H (RNases H1 and H2) \[[@bib25]\]. These results suggest that Halo-RNH1 requires high concentration of salt for neither folding nor activity. However, it remains to be determined whether folding of Halo-RNH1 is independent of salt and whether substrate binding and stability of Halo-RNH1 are affected by salt. It also remains to be determined whether an N-terminal domain is important for activity and stability of Halo-RNH1.

In this study, we showed that Halo-RNH1 requires either salt or divalent metal ions for folding and is incompletely folded in the absence of both of them. Salt and divalent metal ions independently contribute to the stabilization of Halo-RNH1, suggesting that divalent metal ions play a dual role in catalysis and folding of Halo-RNH1. We also showed that the removal of an N-terminal domain does not seriously affect activity, stability, folding, and substrate binding of Halo-RNH1. Even though it has been shown that halophilic proteins require high concentration of salt for activity and stability \[[@bib15; @bib16; @bib17; @bib18; @bib19; @bib20; @bib21; @bib22; @bib23; @bib24]\], this is the first report on a dual role of divalent metal ions in catalysis and folding of halophilic proteins.

2. Material and methods {#sec0002}
=======================

2.1. Plasmid construction {#sec0003}
-------------------------

The pET25b derivatives for over-expression of the Halo-RNH1, Halo-CTD, and Halo-NTD genes were constructed by PCR. The genomic DNA of *Halobacterium* sp. NRC-1, which was kindly donated by Dr. M. Tokunaga, was used as a template. The sequences of the PCR primers are 5′-TGCAG[CATATG]{.ul}CCAGTCGTCGAGTGCGACATCCAGACCGC-3′ for primer 1,5′-GCCGCGTC[GAATTC]{.ul}CTTATCAGGCATCGTCGAGGGCC-3′ for primer 2,5′-TGCAG[CATATG]{.ul}CGCGTGCACGCCTACTTCG-3′ for primer 3, and 5′-GCCGCGTC[GAATTC]{.ul}CTTATCAGCCGCCGCGGTCGGGTTG-3′ for primer 4, where the N*de*I (primers 1 and 3) and *Eco*RI (primers 2 and 4) sites are underlined. Primers 1 and 2, primers 2 and 3, and primers 1 and 4 were used to amplify the Halo-RNH1, Halo-CTD, and Halo-NTD genes, respectively. The resultant DNA fragments were digested with *Nde*I and *Eco*RI, and ligated into the *Nde*I-*Eco*RI sites of pET25b (Novagen).

All DNA oligomers for PCR were synthesized by Hokkaido System Science. PCR was performed with a GeneAmp PCR system 2400 (Applied Biosystems). The DNA sequences were confirmed by a Prism 310 DNA sequencer (Applied Biosystems).

2.2. Overproduction and purification {#sec0004}
------------------------------------

*E. coli* BL21-CodonPlus(DE3) (Stratagene) was used as a host strain to over-express the genes encoding Halo-RNH1 and its derivatives. The transformants of this strain with the pET25b derivatives were grown at 37 °C in LB medium containing 50 μg ml^−1^ ampicillin and 30 μg ml^−1^ chloramphenicol. When the absorbance at 600 nm reached approximately 0.5, 1 mM isopropyl thio-β-[d]{.smallcaps}-galactoside (IPTG) was added to the culture medium and cultivation was continued at 37 °C for an additional 4 h. The subsequent purification procedures of the recombinant proteins, which were different from those previously reported for Halo-RNH1 \[[@bib25]\], were carried out at 4 °C. Cells were harvested by centrifugation at 8000*g* for 10 min, suspended in 10 mM Tris--HCl (pH 8.0) containing 1 mM EDTA (buffer A), lysed by sonication, and centrifuged at 30,000*g* for 30 min. The supernatant was collected, dialyzed against buffer A, and loaded onto a HiTrap Q HP column (5 ml) (GE Healthcare) equilibrated with the same buffer. The protein was eluted from the column with a linear gradient of NaCl from 0 to 1 M. The fractions containing the protein were collected, dialyzed against 5 mM sodium phosphate (pH 6.8), and applied to a hydroxyapatite column (5 ml) (BIO-RAD) equilibrated with the same buffer. The flow-through fraction was collected, dialyzed against 20 mM sodium acetate (pH 5.5) containing 1 mM EDTA and applied to a Mono Q column (1 ml) (GE Healthcare) equilibrated with the same buffer. The protein was eluted from the column with a linear gradient of NaCl from 0 to 1 M. The fractions containing the protein were collected and loaded to a HiLoad 16/60 Superdex 200pg column (GE Healthcare) equilibrated with buffer A. The fractions containing the protein were collected, dialyzed against 10 mM Tris--HCl (pH 8.0), and used for biochemical characterization. The purification procedures of Halo-NTD were slightly modified, such that the hydroxyapatite column chromatography step was eliminated. *E. coli* RNase H1 was overproduced and purified as previously described \[[@bib27]\].

The purity of the protein was analyzed by Tricine SDS--PAGE (SDS--PAGE using the tricine buffer) using a 15% polyacrylamide gel \[[@bib28]\], followed by staining with Coomassie Brilliant Blue (CBB). The protein concentration was determined from UV absorption using a cell with an optical path length of 1 cm and an A280 value for 0.1% (1.0 mg ml^−1^) solution of 1.26 for Halo-RNH1, 1.39 for Halo-CTD, 0.99 for Halo-NTD, and 2.02 for *E. coli* RNase H1. These values, except for that of *E. coli* RNase H1 experimentally determined \[[@bib29]\], were calculated by using absorption coefficients of 1576 M^−1^ cm^−1^ for Tyr and 5225 M^−1^ cm^−1^ for Trp at 280 nm \[[@bib30]\].

2.3. CD spectra {#sec0005}
---------------

The CD spectra were measured on a J-725 spectropolarimeter (Japan Spectroscopic) at 25 °C. The proteins were dissolved in 10 mM Tris--HCl (pH 8.0) containing various concentrations of NaCl, KCl, MnCl~2~, MgCl~2~, or CaCl~2~. For measurement of the far-UV CD spectra (200--260 nm), the protein concentration was approximately 0.1 mg ml^−1^ and a cell with an optical path length of 2 mm was used. For measurement of the near-UV CD spectra (250--320 nm), the protein concentration was approximately 1.0 mg ml^−1^ and a cell with an optical path length of 10 mm was used. The mean residue ellipticity, *θ*, which has the units of deg cm^−2^ dmol^−1^, was calculated by using an average amino acid molecular mass of 110 Da.

2.4. Thermal denaturation {#sec0006}
-------------------------

Thermal denaturation of the proteins was analyzed by monitoring the change in CD values at 222 nm as the temperature was increased. The proteins were dissolved in 10 mM Tris--HCl (pH 8.0) containing 50 mM or 3 M NaCl, 20 mM MnCl~2~, 300 mM MgCl~2~, 3 M NaCl and 20 mM MnCl~2~, or 3 M NaCl and 300 mM MgCl~2~. The protein concentration and optical path length were 0.1 mg ml^−1^ and 2 mm, respectively. The temperature of the protein solution was linearly increased by approximately 1.0 °C/min. Thermal denaturation of the proteins was reversible at the conditions examined. The temperature of the midpoint of the transition, *T*~m~, was calculated from curve fitting of the resultant CD values versus temperature data on the basis of a least squares analysis.

2.5. ANS fluorescence spectroscopy {#sec0007}
----------------------------------

Binding of 1-anilino-8-naphthalenesulfonic acid (ANS) (Wako) to the protein was analyzed by measuring the fluorescence of ANS at 20 °C. The protein (1 μM) and ANS (50 μM) were dissolved in 10 mM Tris--HCl (pH 8.0) in the presence or absence of 20 mM MnCl~2~, 3 M NaCl, or 6 M GdnHCl. The fluorescence emission was monitored from 400 to 600 nm at an excitation wavelength of 380 nm using spectrofluorophotometer RF-5300PC (Shimadzu). The spectrum obtained in the absence of the protein was used as a blank.

2.6. Enzymatic activity {#sec0008}
-----------------------

The RNase H activity was determined by using 12 bp RNA/DNA hybrid (R12/D12) as a substrate. This oligomeric substrate was prepared by hybridizing 1 μM of the 5′-(6-carboxyfluorescein)-labeled 12 base RNA (5′-cggagaugacgg-3′) with a 1.5 M equivalent of the complementary DNA as described previously \[[@bib31]\]. Hydrolysis of the substrate at 37 °C for 15 min and separation of the products on a 20% polyacrylamide gel containing 7 M urea were carried out as described previously \[[@bib31]\]. The reaction buffer was 10 mM Tris--HCl (pH 8.5) containing 1 mM DTT, 0.01% BSA, 50 mM or 3 M NaCl, and various concentrations of MgCl~2~ or MnCl~2~ for Halo-RNH1 and Halo-CTD, and 10 mM Tris--HCl (pH 8.0) containing 1 mM DTT, 0.01% BSA, 50 mM or 3 M NaCl, and 10 mM MgCl~2~ for *E. coli* RNase H1. The substrate concentration was 1 μM for Halo-RNH1 and Halo-CTD, and 0.5 μM for *E. coli* RNase H1. The products were detected by Typhoon 9240 Imager (GE Healthcare) and quantified using Image Quant 5.2 analysis software. One unit is defined as the amount of enzyme degrading 1 μmol of the substrate per min at 37 °C. The specific activity was defined as the enzymatic activity per milligram of protein.

2.7. Binding analysis to substrate {#sec0009}
----------------------------------

Binding of the proteins to the substrate was analyzed in the absence of divalent metal ions using a Biacore X instrument (Biacore) as described previously \[[@bib32]\]. The proteins were dissolved in 10 mM Tris--HCl (pH 8.0) containing 50 mM or 3 M NaCl, 1 mM EDTA, 1 mM β-Me, and 0.005% Tween P20 at various concentrations. The proteins were injected at 25 °C at a flow rate of 10 μl min^−1^ onto the sensor chip on which the 29 bp RNA/DNA hybrid was immobilized. To determine the association constant, *K*~A~, the concentration of the protein injected onto the sensor chip was varied in the range 20--800 nM for Halo-RNH1, 30--900 nM for Halo-CTD, and 3--50 μM for Halo-NTD. From the plot of the equilibrium binding responses as a function of the concentrations of the proteins, the *K*~A~ value was determined using the steady-state affinity software available in BIAEVALUATION (Biacore).

2.8. Homology modeling {#sec0010}
----------------------

A model for the three-dimensional structure of Halo-RNH1 without the N-terminal domain was built by SWISS-MODEL -- automated protein homology-modeling server -- (Swiss Institute of Bioinfomatics) \[[@bib33]\], using the structure of the RNase H domain of the bifunctional protein Rv2228c from *Mycobacterium tuberculosis* (PDB ID: 3HST) \[[@bib34]\] as a template. These proteins share the amino acid sequence identity of 45%. The model was viewed and edited with PyMOL ([www.pymol.org](http://www.pymol.org){#interref1}). Calculations of the electrostatic surface potentials were performed by solving the Poisson--Boltzmann equation with PyMOL Adaptive Poisson--Boltzmann Solver (APBS) tools \[[@bib35]\].

3. Results and discussion {#sec0011}
=========================

3.1. Tertiary model of Halo-RNH1 {#sec0012}
--------------------------------

*Halobacterium* sp. NRC-1 RNase H1 (Halo-RNH1) is characterized by the high content (17.5%) of acidic amino acid residues. A tertiary model of the RNase H domain of this protein shows the abundance of acidic residues on the surface, with some aspartate residues forming clusters ([Fig. 1](#fig0001){ref-type="fig"}(A) ). As a result, the surface of the RNase H domain of Halo-RNH1 is negatively charged ([Fig. 1](#fig0001){ref-type="fig"}(B) ). The overall structure of the RNase H domain of Halo-RNH1 is similar to that of *E. coli* RNase H1, except that it lacks a basic protrusion. The steric configurations of the four acidic active site residues (Asp75, Glu115, Asp139, and Asp189) are similar to those of *E. coli* RNase H1. Because at least a single divalent metal ion binds to the active site of *E. coli* RNase H1 even in the absence of the substrate \[[@bib36; @bib37; @bib38]\], this metal ion may also bind to the active site of Halo-RNH1 even in the absence of the substrate.

3.2. Requirement of salt or divalent metal ions for folding of Halo-RNH1 {#sec0013}
------------------------------------------------------------------------

To examine whether Halo-RNH1 requires salt or divalent metal ions for folding, the far-UV CD spectrum of Halo-RNH1 was measured in the presence or absence of various concentrations of NaCl ([Fig. 2](#fig0002){ref-type="fig"}(A) ), MnCl~2~ ([Fig. 2](#fig0002){ref-type="fig"}(B) ), or MgCl~2~ ([Fig. 2](#fig0002){ref-type="fig"}(C) ). In the absence of salt and divalent metal ions, the far-UV CD spectrum of Halo-RNH1 gives a trough with a minimum \[*θ*\] value of −13,000 at 205 nm, which is accompanied by a shoulder with a \[*θ*\] value of −8000 at 222 nm. However, this spectrum is considerably changed in the presence of salt or divalent metal ions so that the helical content of the protein increases. As a result, the far-UV CD spectrum of Halo-RNH1 gives a broad trough with a minimum \[*θ*\] value of approximately −13,000 at 222 nm in the presence of ≥2 M NaCl ([Fig. 2](#fig0002){ref-type="fig"}(A) ), ≥10 mM MnCl~2~ ([Fig. 2](#fig0002){ref-type="fig"}(B) ), or ≥300 mM MgCl~2~ ([Fig. 2](#fig0002){ref-type="fig"}(C) ). This spectrum was not significantly changed in the presence of both 2 M NaCl and 10 mM MnCl~2~ or 300 mM MgCl~2~ (data not shown). A similar spectrum was obtained in the presence of 2 M KCl or 200 mM CaCl~2~ (data not shown). These results indicate that Halo-RNH1 requires either high concentrations of salt or moderate concentrations of divalent metal ions for folding. In contrast, *E. coli* RNase H1 requires neither salt nor divalent metal ions for folding \[[@bib39]\]. Its spectrum is not significantly changed even in the presence of 2.5 M NaCl \[[@bib40]\], suggesting that its structure is not significantly changed in a high-salt condition.

To examine whether Halo-RNH1 is partially folded or almost fully unfolded in the absence of salt and divalent metal ions, the far- and near-UV CD spectra of Halo-RNH1 were measured in the presence of 3 M NaCl at 100 °C (for heat-denatured state) or in the absence of salt and divalent metal ions and presence of 6 M GdnHCl at 25 °C (for GdnHCl-denatured state). The far-UV CD spectra of Halo-RNH1 were not measured at ≤210 nm in these conditions due to striking spectral fluctuation. As shown in [Fig. 2](#fig0002){ref-type="fig"}(A), the far-UV CD spectrum of Halo-RNH1 without salt and divalent metal ions was different from those of Halo-RNH1 in a heat-denatured and GdnHCl-denatured state. The depth of a trough (or shoulder) in the former spectrum was deeper than those in the latter spectra. Likewise, the near-UV CD spectrum of Halo-RNH1 without salt and divalent metal ions, which reflects the environment of the tryptophan and tyrosine residues, was different from those of Halo-RNH1 in a heat-denatured and GdnHCl-denatured state, as shown in [Fig. 2](#fig0002){ref-type="fig"}(D). The near-UV CD spectrum of Halo-RNH1 in a native state gave three peaks with \[*θ*\] values of 30 at 275 nm, 50 at 285 nm, and 55 at 295 nm. The spectrum of Halo-RNH1 without salt and divalent metal ions also gave these peaks but with much lower \[*θ*\] values. These peaks almost fully disappeared in the spectra of Halo-RNH1 in a heat-denatured and GdnHCl-denatured state. These results suggest that Halo-RNH1 is partially folded in the absence of salt and divalent metal ions. Therefore, we define the structure of Halo-RNH1 in the absence of salt and divalent metal ions as a partially folded state (intermediate state) and that in the presence of salt or divalent metal ions as a folded state (native state), and designate Halo-RNH1s in an intermediate and native state as Halo-RNH1^I^ and Halo-RNH1^N^, respectively. Halo-RNH1^I^ and Halo-RNH1^N^ change their conformations in a reversible manner. The far-UV CD spectra of Halo-RNH1 in the presence of 0.5 M NaCl ([Fig. 2](#fig0002){ref-type="fig"}(A) ), 1 mM MnCl~2~ ([Fig. 2](#fig0002){ref-type="fig"}(B) ), and 10--50 mM MgCl~2~ ([Fig. 2](#fig0002){ref-type="fig"}(C) ) suggest that these concentrations of salt and divalent metal ions are not sufficient to shift an equilibrium between Halo-RNH1^I^ and Halo-RNH1^N^ so that the fraction of Halo-RNH1^N^ increases to nearly 100%.

3.3. Protein stability {#sec0014}
----------------------

To examine whether salt and divalent metal ions affect the stability of Halo-RNH1^N^, thermal denaturation of Halo-RNH1 was analyzed in the presence of divalent metal ions (20 mM MnCl~2~ or 300 mM MgCl~2~), salt (3 M NaCl), or both of them (20 mM MnCl~2~ or 300 mM MgCl~2~ and 3 M NaCl) by CD spectroscopy. Thermal denaturation of Halo-RNH1 was reversible and followed a two-state mechanism in these conditions. The results are shown in [Fig. 3](#fig0003){ref-type="fig"}. The *T*~m~ values of Halo-RNH1 determined in these conditions are summarized in [Table 1](#tbl0001){ref-type="table"}. The thermal denaturation curves in the presence of the Mn^2+^ ions are not shown in [Fig. 3](#fig0003){ref-type="fig"}, because they were nearly identical to those in the presence of the Mg^2+^ ions. The *T*~m~ value of Halo-RNH1 determined in the presence of both divalent metal ions and salt is higher than those determined in the presence of divalent metal ions alone and salt alone by 26--30 °C and 9--10 °C, respectively, suggesting that salt and divalent metal ions independently contribute to the stabilization of Halo-RNH1^N^ by 26--30 °C and 9--10 °C, respectively.

It has been reported that *E. coli* RNase H1 is stabilized by approximately 10 °C in the presence of 2 mM MnCl~2~, 50 mM CaCl~2~, or 100 mM MgCl~2~, and 17 °C in the presence of 2.5 M NaCl \[[@bib40]\]. The stabilization effects of the divalent metal ions and NaCl are roughly additive. Divalent metal ions stabilize the protein by binding to the active site and suppressing negative charge repulsions at this site. Salt stabilizes the protein by increasing hydrophobic interactions at the protein core. Thus, the stabilization mechanisms of Halo-RNH1 with salt and divalent metal ions are similar to those of *E. coli* RNase H1, except that salt stabilizes Halo-RNH1 not only by increasing hydrophobic interactions at the protein core but also by decreasing negative charge repulsions on the protein surface. Halo-RNH1 seems to be more significantly stabilized by salt than is *E. coli* RNase H1, probably because electrostatic repulsions on the protein surface of Halo-RNH1 are stronger than those of *E. coli* RNase H1.

Halo-RNH1^I^ is incompletely folded probably because it is too unstable to be folded in the absence of salt and divalent metal ions. The finding that Halo-RNH1 is folded in the presence of 20 mM MnCl~2~ and absence of salt suggests that negative charge repulsions at the active site are major forces that prevent folding of Halo-RNH1 in the absence of divalent metal ions and salt. Suppression of negative charge repulsions at the active site by binding of divalent metal ion(s) may be sufficient to facilitate folding of Halo-RNH1.

3.4. ANS fluorescence spectroscopy {#sec0015}
----------------------------------

To examine whether 1-anilino-8-naphthalenesulfonic acid (ANS) binds more effectively to Halo-RNH1 in a partially folded state than to that in a fully folded or unfolded state, as reported for non-halophilic proteins \[[@bib41]\], ANS binding to Halo-RNH1 was analyzed in the presence or absence of salt (3 M NaCl), divalent metal ions (20 mM MnCl~2~), or 6 M GdnHCl, by measuring the fluorescence spectrum of ANS. ANS becomes highly-fluorescent when it binds to a hydrophobic pocket of proteins \[[@bib41]\]. As shown in [Fig. 4](#fig0004){ref-type="fig"}, Halo-RNH1 exhibits ANS fluorescence in the presence of salt. However, it exhibits little ANS fluorescence in the presence of divalent metal ions, suggesting that ANS does not bind to Halo-RNH1^N^. It binds to Halo-RNH1^N^ in the presence of salt, probably due to an increase in hydrophobicity on the protein surface. Halo-RNH1 exhibits little ANS fluorescence either in the absence of salt and divalent metal ions or in the presence of 6 M GdnHCl, suggesting that ANS binds to neither Halo-RNH1^I^ nor Halo-RNH1 in an unfolded state. The high content of acidic residues on the protein surface may prevent the exposure of hydrophobic pockets in a partially folded state. It is also possible that hydrophobic pockets do not exist in a partially folded state of halophilic proteins.

3.5. Enzymatic activity {#sec0016}
-----------------------

The enzymatic activity of Halo-RNH1 was determined in the presence of 50 mM or 3 M NaCl at 37 °C using the R12/D12 substrate. The concentration of MnCl~2~ or MgCl~2~ varied from 1 to 100 mM. *E. coli* RNase H1 did not exhibit activity in the presence of 3 M NaCl (data not shown). The separation of oligoribonucleotides produced upon hydrolysis of the substrate in the presence of 50 mM or 3 M NaCl on a urea gel is shown in [Fig. 5](#fig0005){ref-type="fig"}. Halo-RNH1 cleaved the substrate at all sites between a4 and g11 with similar efficiencies in the presence of the Mn^2+^ ions regardless of the presence of 50 mM or 3 M NaCl. Likewise, it cleaved the substrate at four sites between a6 and c10, preferably at a6--u7 and a9--c10, in the presence of the Mg^2+^ ions regardless of the presence of 50 mM or 3 M NaCl. These results indicate that the cleavage-site specificity of Halo-RNH1, which varies for different divalent metal ions, is not seriously changed regardless of the presence of 50 mM or 3 M NaCl. However, the optimum concentration of divalent metal ions for activity in the presence of 3 M NaCl (1 mM for MnCl~2~ or 20 mM for MgCl~2~) was lower than that in the presence of 50 mM NaCl (20 mM for MnCl~2~ or 100 mM for MgCl~2~). The latter concentration is similar to that reported previously \[[@bib25]\]. In a high-salt condition, in which Halo-RNH1 is folded, a physiological concentration of divalent metal ions seems to be sufficient to permit their binding to the active site and thereby to activate the enzyme. In contrast, in a low-salt condition, in which Halo-RNH1 is incompletely folded, higher concentrations of divalent metal ions are necessary to permit their binding to the active site and thereby to facilitate folding of the enzyme prior to the activation. Thus, divalent metal ions play a dual role in catalysis and folding of Halo-RNH1.

3.6. Binding to substrate {#sec0017}
-------------------------

Binding of Halo-RNH1 to 29 bp RNA/DNA hybrid (R29/D29) was analyzed at 25 °C and pH 8.0 in the absence of divalent metal ions and presence of 50 mM or 3 M NaCl using surface plasmon resonance. Binding of *E. coli* RNase H1 to this substrate was also analyzed for comparative purposes. The protein was injected onto a sensor chip on which the R29/D29 substrate was immobilized. Halo-RNH1 did not bind to the substrate in the presence of 50 mM NaCl because it is not folded in a low-salt condition, but bound to it in the presence of 3 M NaCl. In contrast, *E. coli* RNase H1 bound to the substrate in the presence of 50 mM NaCl, but did not bind to it in the presence of 3 M NaCl. This is the reason why *E. coli* RNase H1 does not exhibit activity in the presence of 3 M NaCl. The association constant, *K*~A~, of Halo-RNH1 was estimated to be 4.0 × 10^6^ M^−1^ from the equilibrium binding level to the substrate in the presence of 3 M NaCl, while that of *E. coli* RNase H1 was estimated to be 2.7 × 10^7^ M^−1^ in the presence of 50 mM NaCl, which is comparable to that previously determined using the R36/D36 substrate (4.7 × 10^7^ M^−1^) \[[@bib42]\]. Thus, the *K*~A~ value of Halo-RNH1 is lower than that of *E. coli* RNase H1 by 8-fold, but is comparable to that of *Thermotoga maritima* RNase H1, which has been determined to be 6.3 × 10^6^ M^−1^ at pH 8.0 in the presence of 50 mM NaCl using the same substrate \[[@bib32]\]. Like *E. coli* RNase H1, *T. maritima* RNase H1 loses the ability to bind to the substrate at high (≥0.5 M) NaCl concentrations \[[@bib32]\].

According to the co-crystal structures of *Bacillus halodurans* RNase H1 \[[@bib9]\] and human RNase H1 \[[@bib12]\] with the substrate, the RNA/DNA hybrid binds to the protein, in such a way that the RNA backbone fits in one groove containing the active site and the DNA backbone fits in the other groove. At the RNA-binding groove, the 2′-OH groups of four or five consecutive ribonucleotides form hydrogen bonds with the backbone atoms of the protein. At the DNA-binding groove, several polar residues form a phosphate-binding pocket, which is responsible for anchoring of the B-form DNA. High similarity of a tertiary model of Halo-RNH1 to that of *T. maritima* RNase H1 and the crystal structures of *E. coli* RNase H1, *B. halodurans* RNase H1, and human RNase H1 strongly suggests that the RNA/DNA hybrid binds to Halo-RNH1 in a similar manner. The binding affinity of Halo-RNH1 is lower than that of *E. coli* RNase H1 but is comparable to that of *T. maritima* RNase H1, probably because *E. coli* RNase H1 contains a basic protrusion whereas Halo-RNH1 and *T. maritima* RNase H1 do not. Electrostatic interactions between the basic protrusion and substrate have been reported to be important for substrate binding \[[@bib42],[@bib43]\], more precisely for initial contact with the substrate \[[@bib12]\]. In a high-salt condition, these electrostatic interactions may be suppressed and therefore the binding affinity of *E. coli* RNase H1 is greatly reduced. The reason why *E. coli* RNase H1 and *T. maritima* RNase H1 almost fully lose their binding ability to the substrate in a high-salt condition remains to be clarified. However, the strengthened binding ability of Halo-RNase H1 at high salt concentration can be due to the ion uptake theory proposed by Bergqvist et al. \[[@bib44]\]. While non-halophilic enzymes release ions (mainly cations) upon binding to the negatively charged DNA, binding of halophilic enzymes is characterized by the uptake of cations abundant in the medium as they are approaching the DNA, where these cations form a bridge between the DNA phosphate backbone and the negatively charged regions on the protein surface \[[@bib45]\]. Alternatively, the conformation of the substrate may be changed in a high-salt condition, in such a way that the RNA and DNA backbones of the substrate do not fit in two grooves on the protein surface of non-halophilic enzymes but fit in those of halophilic enzymes.

3.7. Preparation of Halo-NTD and Halo-CTD {#sec0018}
-----------------------------------------

To analyze the role of an N-terminal domain of Halo-RNH1, Halo-NTD (residues 1--68) and Halo-CTD (residues 69--199) were constructed. Halo-NTD and Halo-CTD with the calculated molecular masses of 6975 and 14,023 Da, respectively, were overproduced in *E. coli* in a soluble form and purified to give a single band on SDS--PAGE ([Fig. 6](#fig0006){ref-type="fig"}). The amount of the protein purified from 1 l of culture was typically 15 mg for both Halo-NTD and Halo-CTD. It has previously been reported that it is not possible to overproduce the Halo-RNH1 derivative without the N-terminal 60 residues in *E. coli* \[[@bib25]\]. An eight-residue extension at the N-terminus of Halo-CTD may somehow prevent the production of the protein in *E. coli* cells.

3.8. Biochemical properties of Halo-NTD and Halo-CTD {#sec0019}
----------------------------------------------------

The far-UV CD spectra of Halo-NTD and Halo-CTD indicate that Halo-NTD is folded regardless of the presence or absence of salt, whereas Halo-CTD is folded in a salt-dependent manner ([Fig. 7](#fig0007){ref-type="fig"}). Halo-CTD is partially folded into an intermediate state in the absence of salt, but is folded into a native state in the presence of 2 M NaCl, as is the intact protein. Likewise, in the absence of salt, Halo-NTD is folded regardless of the presence or absence of divalent metal ions, whereas Halo-CTD is folded in a divalent metal ion-dependent manner (data not shown). Halo-CTD is fully folded in the presence of 10 mM MnCl~2~ or 300 mM MgCl~2~, as is the intact protein. Therefore, there is no significant difference in the folding behavior between Halo-CTD and the intact protein.

Halo-NTD and Halo-CTD are thermally denatured with a single transition in a reversible manner at the conditions examined as is the intact protein, as revealed by CD spectroscopy (data not shown). The *T*~m~ values of Halo-NTD determined in the presence of 50 mM or 3 M NaCl and those of Halo-CTD determined in the presence of divalent metal ions (20 mM MnCl~2~ or 300 mM MgCl~2~) and/or salt (3 M NaCl) are summarized in [Table 1](#tbl0001){ref-type="table"}. Comparison of the *T*~m~ values of Halo-CTD suggests that salt and divalent metal ions independently contribute to the stabilization of Halo-CTD, but more significantly than to the stabilization of the intact protein, by 30--34 °C and 12--17 °C, respectively. The reason why salt and divalent metal ions more significantly contribute to the stabilization of Halo-CTD than to that of the intact protein remains to be clarified. Like Halo-CTD and the intact protein, Halo-NTD is greatly stabilized by 3 M NaCl by 35 °C, probably due to an increase in hydrophobic interactions at the protein core and a decrease in negative charge repulsions on the protein surface.

Halo-CTD cleaved the R12/D12 substrate with similar cleavage site specificity to that of the intact protein either in the presence of MnCl~2~ or MgCl~2~ ([Fig. 5](#fig0005){ref-type="fig"}). The optimum concentrations of MnCl~2~ and MgCl~2~ for activity of Halo-CTD are similar to those of the intact protein. The specific activities of Halo-CTD determined in the presence of 10 mM MnCl~2~, 100 mM MgCl~2~, and 50 mM or 3 M NaCl, which are nearly identical with one another, highly resemble those of the intact proteins (data not shown). The *K*~A~ value of Halo-CTD determined in the presence of 3 M NaCl and absence of divalent metal ions by surface plasmon resonance using the R29/D29 substrate is lower than that of the intact protein, but only by 4-fold ([Table 2](#tbl0002){ref-type="table"}). In contrast, the *K*~A~ value of Halo-NTD is lower than that of the intact protein by 180-fold.

The results mentioned above thus indicate that an N-terminal domain of Halo-RNH1 is dispensable for stability, activity, folding, and substrate binding. It may possess an *in vivo* function that cannot be detected otherwise.

4. Conclusion {#sec0020}
=============

In this study, we showed that divalent metal ions play a dual role in catalysis and folding of *Halobacterium* sp. NRC-1 RNase H1 (Halo-RNH1). In a low-salt condition, Halo-RNH1 requires divalent metal ions not only for activity but also for folding. In a high-salt condition, Halo-RNH1 requires them only for activity. Divalent metal ions stabilize a native structure of Halo-RNH1 by binding to the active site and suppressing negative charge repulsions at this site. Salt stabilizes a native state of Halo-RNH1 by increasing hydrophobic interactions at the protein core and decreasing negative charge repulsions on the protein surface. Halo-RNH1 is incompletely folded in the absence of salt and divalent metal ions due to its great instability. In contrast, *E. coli* RNase H1 is fully folded in this condition. However, *E. coli* RNase H1 loses the binding ability to the substrate in a high-salt condition, probably due to a slight conformational change of the substrate binding site of the protein and/or the substrate. Halo-RNH1 may acquire the binding ability to the substrate in a high-salt condition by increasing the content of the acidic residues on the protein surface. Thus, Halo-RNH1 may lose the ability to fold in a low-salt condition at the cost of its functional adaptation to high-salt environment. Biochemical characterizations of the Halo-RNH1 derivatives without an N- or C-terminal domain indicate that the N-terminal domain is dispensable for stability, activity, folding, and substrate binding.
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![A tertiary model of Halo-CTD. (A) Stereoview of the tertiary model of Halo-CTD. The side chains of the acidic residues on the surface, including four active site residues (D75, E115, D139, D189) and four residues appearing as a cluster (D132, D133, D173, D174), are shown as deep green stick models, in which the oxygen atoms are colored red. NT and CT represent N and C-termini. (B) Electrostatic surface potentials of Halo-CTD. The negative and positive potentials are in red and blue, respectively. The electrostatic potential value ranges from −1 to +1 kT/e. The view direction of the structure in the left panel, which is rotated by 180° in the right panel, is the same as in (A). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr1){#fig0001}

![CD spectra of Halo-RNH1. (A) The far-UV CD spectra measured in the absence of divalent metal ions and the presence of 0 M (*solid thick line*), 0.5 M (*dashed thin line*), 2 M (*solid thin line*), or 3 M (*dashed thick line*) NaCl are shown in comparison with those of Halo-RNH1 in a heat-denatured state (*dotted thick line*) and GdnHCl-denatured state (*gray thick line*). (B) The far-UV CD spectra measured in the absence of salt and the presence of 0 mM (*solid thick line*), 1 mM (*dashed thin line*), 5 mM (*solid thin line*), 10 mM (*dotted thin line*), or 20 mM (*dashed thick line*) MnCl~2~ are shown. (C) The far-UV CD spectra measured in the absence of salt and the presence of 0 mM (*solid thick line*), 10 mM (*dashed thin line*), 50 mM (*solid thin line*), 300 mM (*dotted thin line*), or 500 mM (*dashed thick line*) MgCl~2~ are shown. (D) The near-UV CD spectrum measured in the absence of salt and divalent metal ions (*solid thick line*) is shown in comparison with those of Halo-RNH1 in a native state (*dashed thick line*), heat-denatured state (*dotted thick line*), and GdnHCl-denatured state (*gray thick line*). These spectra were measured at 25 °C and pH 8.0, except for those in a heat-denatured state. The spectra of Halo-RNH1 in a native state, heat-denatured state, and GdnHCl-denatured state were measured at 25 °C and pH 8.0 in the presence of 3 M NaCl (native state) or 6 M GdnHCl (GdnHCl-denatured state), or 100 °C and pH 8.0 in the presence of 3 M NaCl (heat-denatured state), as described in [Section 2.3](#sec0005){ref-type="sec"}.](gr2){#fig0002}

![Thermal denaturation curves of Halo-RNH1. The thermal denaturation curves of Halo-RNH1 measured in the presence of 300 mM MgCl~2~ (*circle*), 3 M NaCl (*cross*), or 300 mM MgCl~2~ and 3 M NaCl (s*quare*) are shown. These curves were obtained at pH 8.0 by monitoring the change in CD values at 222 nm at a scan rate of 1 °C/min, as described in [Section 2.4](#sec0006){ref-type="sec"}. The theoretical curves are drawn on the assumption that the proteins are denatured via a two-state mechanism.](gr3){#fig0003}

![ANS fluorescence spectra. The ANS fluorescence spectra of Halo-RNH1 was measured at 20 °C and pH 8.0 in the absence (*solid thick line*) or the presence of 20 mM MnCl~2~ (*dashed thin line*), 3 M NaCl (*dashed thick line*), or 6 M GdnHCl (*solid thin line*), as described in [Section 2.5](#sec0007){ref-type="sec"}.](gr4){#fig0004}

![Cleavage of the R12/D12 substrate with Halo-RNH1 and Halo-CTD. The 5′-end labeled R12/D12 substrate was hydrolyzed by Halo-RNH1 or Halo-CTD at 37 °C for 15 min in the presence of various concentrations of MnCl~2~ or MgCl~2~ and 3 M (A) or 50 mM (B) NaCl. The hydrolysates were separated on a 20% polyacrylamide gel containing 7 M urea. The concentration of the substrate was 1 μM. The amount of the enzyme added to the reaction mixture (10 μl) was 1 ng. The enzyme and divalent metal ions used to hydrolyze the substrate are shown above the gel together with the concentrations of the divalent metal ions. The sequence of R12 is indicated along the gel.](gr5){#fig0005}

![Tricine SDS--PAGE of Halo-RNH1 and its derivatives. The purified proteins of Halo-RNH1 (lane 1), Halo-CTD (lane 2), and Halo-NTD (lane 3) were subjected to electrophoresis on a 15% polyacrylamide gel in the presence of SDS. After electrophoresis, the gel was stained with Coomassie Brilliant Blue. Lane M, a low-molecular-weight marker kit (GE Healthcare).](gr6){#fig0006}

![Far-UV CD spectra of Halo-NTD and Halo-CTD. The spectra of Halo-NTD (A) and Halo-CTD (B) measured in the absence (*solid thick line*) or the presence of 0.5 M (*dashed thin line*), 2 M (*solid thin line*), or 3 M (*dashed thick line*) NaCl are shown. The spectra were measured at 25 °C and pH 8.0, as described in [Section 2.3](#sec0005){ref-type="sec"}.](gr7){#fig0007}

###### 

*T*~m~ values of Halo-RNH1 and its derivatives.[a](#tblfn1){ref-type="table-fn"}

  Protein     Metal            Salt         *T*~m\ (°C)~   Δ*T*~m~[b](#tblfn2){ref-type="table-fn"} (°C)
  ----------- ---------------- ------------ -------------- -----------------------------------------------
  Halo-RNH1   300 mM MgCl~2~                46.2 ± 0.1     --
              20 mM MnCl~2~                 50.0 ± 0.1     +3.8
                               3 M NaCl     66.9 ± 0.1     +20.7
              300 mM MgCl~2~   3 M NaCl     76.5 ± 0.1     +30.3
              20 mM MnCl~2~    3 M NaCl     76.0 ± 0.1     +29.8
  Halo-CTD    300 mM MgCl~2~                45.7 ± 0.1     −0.5
              20 mM MnCl~2~                 53.8 ± 0.1     +7.6
                               3 M NaCl     66.6 ± 0.1     +20.4
              300 mM MgCl~2~   3 M NaCl     79.5 ± 0.1     +33.3
              20 mM MnCl~2~    3 M NaCl     83.8 ± 0.1     +37.6
  Halo-NTD                     50 mM NaCl   44.6 ± 0.2     −1.6
                               3 M NaCl     81.8 ± 0.1     +35.6

The melting temperature (*T*~m~), which is the temperature of the midpoint of the thermal denaturation transition, was determined from the thermal denaturation curve. The thermal denaturation curves of Halo-RNH1 in the presence of 300 mM MgCl~2~, 3 M NaCl, or 300 mM MgCl~2~ and 3 M NaCl are shown in [Fig. 3](#fig0003){ref-type="fig"} as representatives. Errors represent those for the fitting of the curves.

Δ*T*~m~ is calculated as *T*~m~ of Halo-RNH1 or its derivative determined -- *T*~m~ of Halo-RNH1 determined in the presence of 300 mM MgCl~2~.

###### 

Association constants of the proteins for substrate binding. [a](#tblfn3){ref-type="table-fn"}

  Protein     *K*~A~ (M^−1^) x 10^−6^   Relative *K*~A~[b](#tblfn4){ref-type="table-fn"}
  ----------- ------------------------- --------------------------------------------------
  Halo-RNH1   4.0                       1.0
  Halo-CTD    1.0                       0.25
  Halo-NTD    0.022                     0.0055

Binding of the proteins to 29 bp RNA/DNA hybrid immobilized onto the sensor chip was analyzed in the presence of 3 M NaCl and absence of divalent metal ions by surface plasmon resonance.

The *K*~A~ value of the protein relative to that of Halo-RNH1.

[^1]: Present address: Division of Electron Microscopic Research, Korea Basic Science Institute (KBSI), 113 Gwahangno, Yuseong-gu, Daejeon 305-333, Republic of Korea.
